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ABSTRACT: 

B-cell lymphoma 6 (BCL6) is the most frequently involved oncogene in diffuse 

large B-cell lymphomas (DLBCLs). BCL6 shows potent transcriptional repressor activity 

through interactions with its corepressors, such as BCL6 corepressor (BCOR). The inhibition 

of the protein–protein interaction (PPI) between BCL6 and its corepressors suppresses the 

growth of BCL6-dependent DLBCLs, thus making BCL6 an attractive drug target for 

lymphoma treatments. However, potent small-molecule PPI inhibitor identification remains 

challenging because of the lack of deep cavities at PPI interfaces. This paper reports the 

discovery of a potent, cell-active, small-molecule BCL6 inhibitor, BCL6-i (8), that operates 

through irreversible inhibition. First, we synthesized an irreversible lead compound 4, which 

targets Cys53 in a cavity on the BCL6 BTB domain dimer by introducing an irreversible 

warhead to a high-throughput screening hit compound 1. Further chemical optimization of 4 

based on kinact/KI evaluation produced BCL6-i with a kinact/KI value of 1.9 × 10
4
 M

−1
s

−1
, 

corresponding to a 670-fold improvement in potency compared to 4. By exploiting the 

property of irreversible inhibition, engagement of BCL6-i to intracellular BCL6 was 

confirmed. BCL6-i showed intracellular PPI inhibitory activity between BCL6 and its 

corepressors, thus resulting in BCL6-dependent DLBCL cell-growth inhibition. BCL6-i is a 

cell-active chemical probe with the most potent BCL6 inhibitory activity reported to date. 

The discovery process of BCL6-i illustrates the utility of irreversible inhibition for 
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identifying potent chemical probes for intractable target proteins. 

 

■ Introduction 

B-cell lymphoma 6 (BCL6), a member of the bric-à-brac, tramtrack and broad 

complex/ poxvirus and zinc finger (BTB/POZ) family of transcription factors,
1, 2

 is the most 

frequently involved oncogene in diffuse large B-cell lymphoma (DLBCL).
3, 4 

BCL6 shows 

potent transcriptional repressor activity by recruiting corepressors, such as silencing mediator 

for retinoid and thyroid receptors (SMRT),
5, 6

 nuclear receptor corepressor (NCOR),
6
 and 

BCL6 corepressor (BCOR),
7
 to an exposed surface groove formed at the interface of the two 

chains in the BTB dimer (Figure 1).
8, 9

 Because inhibition of the protein–protein interaction 

(PPI) between BCL6 and its corepressor by peptide inhibitors represses DLBCL cell 

growth,
10–12

 BCL6 is considered to play an essential role in lymphoma-cell survival, thus 

making it a promising therapeutic target for lymphoma treatments.
11, 13

 However, 

small-molecule PPI inhibitor identification remains challenging despite great efforts in 

academia and pharmaceutical industries. A major obstacle for identifying small-molecule PPI 

inhibitors is the lack of deep cavities for binding small molecules in PPI interfaces;
14–17

 

therefore, larger molecules are required to achieve potent PPI inhibition compared to other 

target classes. In fact, ligand efficiency of known PPI inhibitors is generally smaller than 

those of the inhibitors for other target classes, such as protein kinase and protease.
17
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Therefore, BCL6 inhibitor identification with small molecular weight is considered 

challenging. To date, some small-molecule BCL6 inhibitors have been reported, but they lack 

potency (Ki = 10–100 µM),
18, 19 

and their utility as a chemical probe is potentially limited. 

Targeted covalent inhibition has emerged as an efficient strategy for potent-inhibitor 

identification. Targeted covalent inhibition shows potent efficacy owing to their prolonged 

interaction with their target proteins,
20–23

 thus, they have been applied to many 

drug-discovery projects,
24

 e.g. kinase inhibitors.
22, 25, 26

 In fact, approximately one-third of all 

enzyme targets whose FDA-approved inhibitor exists have an example of an approved 

covalent drug.
21

 Specifically, irreversible covalent inhibitors are expected to exert excellent 

efficacy because release from inhibition requires re-synthesis of the target protein. Therefore, 

we hypothesized that exploiting irreversible inhibition could be a powerful strategy for potent 

small-molecule PPI inhibitor identification. Despite this advantage, irreversible inhibitors 

have long been avoided in many drug-discovery programs because of their potential to 

promiscuously modify off-target proteins, leading to adverse effects such as immunotoxicity 

or hypersensitivity.
27-29

 To avoid such adverse effects, irreversible inhibitors with low 

intrinsic chemical reactivity need to be designed. This study describes a strategy for 

identifying the potent, cell-active, small-molecule BCL6 inhibitor BCL6-i (8) by exploiting 

irreversible inhibition with acceptable intrinsic chemical reactivity for in vivo testing. BCL6-i 

shows the most potent BCL6 inhibitory activity among all small-molecule BCL6 inhibitors 
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reported thus far.
18, 19

 The discovery of BCL6-i illustrates the utility of irreversible inhibition 

for identifying potent chemical probes for intractable target classes, including PPI. Herein, 

we also demonstrate the research process for cell-active irreversible inhibitor identification 

using an irreversible fluorescent ligand. 

 

 

Figure 1. Crystal structure of the BCL6 BTB domain in a complex with its corepressor SMRT (PDB code, 

1R2B).9 The two BTB dimer chains are shown in green and blue, and the two SMRT peptides are shown in stick 

representation with yellow carbon atoms. Cys53 in the cavity of BCL6 is highlighted in orange. 

 

■ MATERIALS AND METHODS 

Materials 

Sodium chloride, magnesium acetate, acetonitrile, trifluoroacetic acid (TFA), 

adenosine triphosphate (ATP), and d-biotin were purchased from Wako (Osaka, Japan). 

Bicine buffer was obtained from MP biomedicals (Santa Ana, CA). Solutions of 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), DMEM (Dulbecco's Modified 

Eagle's Medium), phosphate buffered saline (PBS), and RPMI1640 medium (containing 

Page 5 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6 

 

HEPES) were purchased from Thermo Fisher Scientific (Waltham, MA). Fetal bovine serum 

(FBS) was obtained from Corning (Corning, NY). Terbium-labeled streptavidin (Tb-SA) was 

purchased from Cisbio (Codolet, France). The detergent 

3-[(3-cholamidopropyl)-dimethylammonio] propanesulfonate (CHAPS) was obtained from 

Dojindo (Kumamoto, Japan). Tween-20 was purchased from Bio-Rad (Hercules, CA). 

CI-1033
30, 31

 was purchased from Haoyuan Chemexpress (Shanghai, China). WZ8040
32

 was 

obtained from Selleck Chemicals (Houston, TX). All peptides used herein were synthesized 

in Toray Research Center (Tokyo, Japan). Biotin ligase (BirA) protein was prepared as 

described previously.
33

 

 

Preparation of recombinant BCL6 (5–129) 

All His-Avi-SUMO-FLAG-BCL6-BTB proteins (5–129) were prepared as described 

previously.
34

 Herein, all BCL6-BTB proteins contained C8Q, C67R, and C84N mutations. To 

biotinylate the BCL6-BTB (C53/C121) protein, 30 µM Avi-SUMO-BCL6-BTB protein was 

incubated with 0.12 µM BirA protein in a reaction buffer (50 mM bicine buffer, pH 8.3, 10 

mM ATP, 10 mM Mg(OAc)2, and 50 µM d-biotin) at 30 °C for 1 h and BCL6 protein was 

purified using a HiPrep 26/10 desalting column (GE Healthcare Bio-Sciences, Piscataway, 

NJ). The other His-Avi-SUMO-FLAG-BCL6-BTB mutant proteins (C53S/C121, C53/C121S, 

and C53S/C121S) were biotinylated with endogenous biotin ligase in the expression cell (E. 
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coli BL21(DE3) (Nippon Gene, Tokyo, Japan)). To remove the His-Avi-SUMO tag from the 

BCL6-BTB (C53/C121) protein, the SUMO tag was digested using ubiquitin-like-specific 

protease 1 (ULP1) (LifeSensors, Malvern, PA) and purified BCL6 protein using Ni-NTA 

(Qiagen, Hilden, Germany) and Mono Q (GE Healthcare Bio-Sciences) columns, sequentially. 

The purified protein was stored at −80 °C until use. 

 

Evaluation of covalent modification by protein mass spectrometry (protein-MS) 

SUMO tag removed BCL6-BTB (C53/C121) protein (0.2 mg/mL) and 100 µM 

F1324 peptide (Ac-LWYTDIRMSWRVP-OH) or DMSO were mixed in PBS and incubated 

for 30 min at room temperature. Subsequently, equal volumes of the test compounds (40 µM) 

in PBS were added to the sample and incubated at room temperature for 3 h (except for 

BCL6-NC) or 15 h (for BCL6-NC). The final concentration of BCL6 protein, test compound, 

and F1324 were 0.1 mg/mL, 20 µM, and 50 µM, respectively. The reaction was stopped by 

the addition of equal volumes of 0.2% TFA (final concentration is 0.1%), and the sample was 

stored at −80 °C until mass spectrometry analysis. Mass spectrometry analysis was performed 

with a Xevo G2-S TOF (Waters, Milford, MA) equipped with an ESI source. The 

reverse-phase separation of an intact sample was performed with an Acquity UPLC (Waters) 

system. Separations were achieved with an Acquity UPLC BEH300 C4 Column (Waters, 2.1 

× 50 mm) using acetonitrile:water (both containing 0.025% TFA) as the eluent in a gradient 

Page 7 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8 

 

from 0:10 to 10:0 in 6 min at a 0.6-mL/min flow rate. Mass spectra were acquired in the 

positive ion mode. The capillary and cone voltages were set at 3,000 and 150 V, respectively. 

The m/z scan range was set to 400–2500. Deconvolution of the intact sample’s ESI mass 

spectra was performed by BiopharmaLynx 1.3 (Waters) and MassLynx 4.1 (Waters) programs 

using the MaxEnt 1 algorithm (Waters). 

 

Time-resolved fluorescence resonance energy transfer (TR-FRET) assay 

TR-FRET assays were performed using 384-well, white, flat-bottomed plates 

(product # 784075, Greiner Bio-One, Frickenhausen, Germany). TR-FRET was measured 

using an EnVision microplate reader (Perkin Elmer, Waltham, MA) with a 320 nm / 75 nm - 

UV (TRF320) dug11 filter (Perkin Elmer, for excitation), a 590/8 nm photometric filter 

(Perkin Elmer, for tetramethylrhodamine (TAMRA) emission), a 535 nm/25 nm FITC filter 

(Perkin Elmer, for Tb emission), and a D400 optical module (Perkin Elmer). All assays were 

performed with BCL6 assay buffers (25 mM HEPES, 100 mM NaCl, 0.01% (w/v) Tween-20). 

Throughout this study, Tb-SA and biotinylated BCL6-BTB protein were preincubated in 

BCL6 assay buffer over 60 min at room temperature before addition to the assay plates. 

 

Measurement of inhibitory activity for the interaction between BCL6 and a 

reversible-binding peptide 
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TAMRA-peptide (TAMRA-Abu(4)-VWYTDIRMRDWM) was designed from the 

F1325 peptide.
34

 Several concentrations of test inhibitors in DMSO (50 nL) were dispensed 

to each well in the assay plate using the Access Echo555 liquid handler. The plate was stored 

at −30 °C until use. After returning the plate to room temperature, BCL6 assay buffer 

containing TAMRA-peptide (2.5 µL) was dispensed into each well. Next, the 

Tb-SA/BCL6-BTB premix was added to the assay solution and incubated at room 

temperature. The TR-FRET signal was measured using an EnVision plate reader. The final 

concentrations of Tb-SA, BCL6-BTB, and TAMRA-peptide for each of the BCL6 mutants 

were as follows; 0.17, 0.50, and 30 nM (C53/C121); 0.17, 8, 90 nM (C53S/C121); 0.17, 8, 70 

nM (C53/C121S); 0.17, 16, and 230 nM (C53S/C121S). The fraction of BCL6-BTB 

complexed to the test compounds was calculated according to equation (1).  










−

−
×=

21

1100 (%) Inhibition 
CC

C T

µµ
µ

 (1) 

Where T is the value of the wells containing test compounds and µc1 and µc2 are the 

mean values of the 0% and 100% inhibition control wells, respectively. The values of the 0% 

and 100% controls were the signals obtained in the presence and absence of BCL6-BTB 

protein, respectively. Inhibitory activity of test compounds was calculated by fitting the data 

using a logarithmic equation. Data analysis was performed with the GraphPad Prism 5 

program (GraphPad Software, Inc., La Jolla, CA). 
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Determination of kinact/KI values for BCL6-FP 

The reaction was initiated by the addition of Tb-SA/BCL6-BTB (C53/C121) premix 

(5 µL) to BCL6 buffer (5 µL) containing various concentrations of BCL6-FP. The final 

concentrations of Tb-SA and BCL6-BTB (C53/C121) were 0.17 and 0.25 nM, respectively. 

The plate was sealed with MicroAmp® Optical Adhesive Film (Thermo Fisher Scientific, 

Waltham, MA) to avoid evaporation and the signal was measured with an EnVision plate 

reader every 5 min. During the time-course measurement, the assay-plate temperature was 

maintained at 25 °C and the top seal was maintained at 2 °C higher than the assay plate to 

avoid condensation on the seal. The reaction-specific TR-FRET signal was obtained by 

subtracting the TR-FRET signal in the absence of BCL6-BTB (C53/C121) from the signal in 

the presence of BCL6-BTB (C53/C121). The signal was fitted to a single exponential curve 

(equation (2)) using the GraphPad Prism 5 program. 

0obs0 )]exp(1)[( Signal YtkYY +−−−= ∞    (2) 

,where Y0, Y∞ and kobs represent signal at initial and finite time and observed kinetic rate 

constant, respectively. The kobs values were plotted against the concentration of BCL6-FP 

and the kinact/KI value was obtained by fitting the data using equation (3). 

][)/( probeIinactobs FP-BCL6Kkk =    (3) 

 

Measurement of kinact/KI values for test compounds using an irreversible probe 
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competition (IPC) assay 

Several concentrations of test inhibitors in DMSO (50 nL) were dispensed in the 

assay plate using an Access Echo555 liquid handler (Labsite, Sunnyvale, CA). The plate was 

stored at −30 °C until use. After returning the plate to room temperature, 2.5 µL of assay 

buffer containing BCL6-FP was dispensed into each well and the plate was shaken for 

several seconds. Subsequently, equal volumes of Tb-BCL6-BTB (C53/C121) premix was 

added to the assay solution and incubated at room temperature. The final concentrations of 

Tb-SA, BCL6-BTB (C53/C121), and BCL6-FP were 0.17, 0.25, and 250 nM, respectively. 

The plate was sealed and the TR-FRET signal was measured using EnVision after a 4 h 

incubation at room temperature. The fraction of BCL6-BTB (C53/C121) that reacted with the 

test compounds was calculated according to equation (1). The values of the 0% and 100% 

controls were the signals obtained in the presence and absence of BCL6-BTB (C53/C121), 

respectively. The inhibitory activity of test compounds was calculated by fitting the data 

using a logarithmic equation. Data analysis was performed with the GraphPad Prism 5 

program. The IC50 value obtained from the assay was converted to a kinact/KI using equation 

(4).
35, 36

 

50

probeIinact

inhibitorIinact
IC

]P[)/(
)/(

Kk
Kk =  (4) 

, where [P] is the concentration of BCL6-FP. 
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Measurement of intrinsic chemical reactivity using HPLC 

Test compound (10 µM) and GSH (1 mM) were mixed into the assay buffer (25 mM 

HEPES, 1 mM EDTA, 0.5% (w/v) CHAPS) and an aliquot (10 µL) was injected in an 

Acquity UPLC (Waters Corp., Milford, MA) or Shimadzu UFLC (Shimadzu, Kyoto, Japan) 

at arbitrary times. The sample was separated by a Unison UK-18 2.0 mm internal diameter × 

20 or 30 mm (3 µm) column (Imtakt, Kyoto, Japan) using a gradient elution method: Mobile 

phase A (distilled water/50 mM ammonium acetate/acetonitrile 8:1:1 (v/v/v)). Mobile phase 

B (50 mM ammonium acetate/acetonitrile 1:9 (v/v)). Linear gradient from 95 to 40% A in B 

over 1.5 min; 40% A in B was held for 0.3 min; linear gradient from 40% to 95% A in B over 

0.01 min. The flow rate was set at 0.5 mL/min and the column oven was maintained at 50 °C. 

The elute was monitored with an online UV spectrophotometer (PDA 210-400 nm) and the 

amount of test compound was determined from the peak area. The percent of test compound 

remaining was plotted against injection time. kchem was calculated by fitting the data to 

equation (5) using the GraphPad Prism 5 software. 

 

)}]GSH[exp(1{100remaining of  Percentage chem tk−−=  (5) 

To rule out the possibility of GSH-independent compound decomposition in aqueous solution, 

decrease in test compounds in the absence of GSH was simultaneously measured (data not 

shown). 
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Fluorescence imaging 

The FLAG-BCL6 (wild type, full length) plasmid was transfected to U2OS cells 

using the FuGENE HD transfection reagent (Promega, Madison, WI). The transfected cells 

were seeded at 3 × 10
3
 cells/25 µL/well on clear bottom 384-well plates (TC-treated 

CellCarrier-384 Ultra, ref# 6057308, PerkinElmer) in McCoy’s medium (Thermo Fisher 

Scientific) containing 10% FBS. After incubation for 1 h at 37 °C/5% CO2, medium (10 µL) 

containing BCL6-i or BCL6-NC (1 µM final concentration) was added to the plate and 

further incubated for 1 h at 37 °C/5% CO2. Subsequently, 10 µL of the medium containing 

BCL6-FP (1 µM final concentration) was added to each well and incubated for 1 h at room 

temperature. Cells were fixed by adding 15 µL of 16% paraformaldehyde (Wako, final 

concentration was 4%) in PBS directly into the medium and further incubated for 10 min at 

room temperature. After removing the medium, the cells were washed with PBS (50 µL). For 

cell permeabilization and prevention of nonspecific antibody binding, PBS containing 10% 

goat serum (Thermo Fisher Scientific) and 0.1% Triton-X100 (Wako) was added to each well 

and incubated for 1 h at room temperature. After removing the medium and washing the cells 

with PBS (50 µL), the cells were incubated with the FlagM2 antibody (1:1000 dilution) 

(Sigma-Aldrich, St. Louis, MO) in PBS containing 10% goat serum and 0.1% Triton-X100, 

followed by incubation overnight at 4 °C. After removing the medium, the cells were washed 
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with PBS (50 µL) and FLAG-BCL6 was stained using PBS containing the 

Alexa488-conjugated anti-mouse IgG antibody (Thermo Fisher Scientific) (1:1000 dilution). 

After removing the medium and washing the cells with PBS, fluorescence images were 

obtained using an INCell analyzer 6000 (GE Healthcare Bio-Sciences) with a x40 objective 

lens. The images were analyzed using Image J software (National Institute of Health, MD). 

 

Mammalian two-hybrid assay 

The vectors, pGL4.35, pBind, and pACT, were obtained from Promega. As template 

DNA, human BCL6 cDNA was isolated by PCR from a human skeletal muscle cDNA library 

(TAKARA Bio, Shiga, Japan) and human BCOR cDNA was purchased from GeneCopoeia 

Inc. (Rockville, MD). Each cDNA fragment was granted restriction site by PCR and was 

digested with restriction enzymes to insert into pBIND or pACT, respectively.  Mammalian 

two-hybrid assay (M2H) was performed in HEK293T cells that were transfected with 

reporter constructs: pGL4.35 containing the GAL4 special response element of firefly 

luciferase (9xGAL4UAS), pBIND/GAL4-BCL6 (Ala5–Glu129), and 

pACT/VP16-BcoR(Leu112–Ala753) by FuGENE HD (Promega). The transfected cells were 

seeded at 1 × 10
4
 cells/15 µL/well on 384-well plates (ref# 3570, Corning, NY, USA) in 

DMEM containing 10% FBS. After incubation for 24 h with test compounds at 37 °C/5% 

CO2, cells were lysed to measure luciferase activity using the Bright-Glo luciferase assay 
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system (Promega). 

 

Growth inhibition assay 

SUDHL4 and OCI-LY3 cells were cultivated in RPMI1640 medium (containing 

HEPES) containing 10% and 20% FBS, respectively. The cells were seeded at 2500 cells/25 

µL/well on 384-well plates (ref# 3570, Corning) and incubated for 24 h at 37 °C/5% CO2. 

Subsequently, 10 µL of the medium (containing BCL6-i or BCL6-NC) was added to the 

plate and incubated at 37 °C/5% CO2. The final concentration of inhibitors was 3 µM. After 3 

days of incubation, 30 µL of the Cell Titer Glo (Promega) reagent was added to each well and 

the luminescence was measured using a plate reader. The values of the 0% and 100% controls 

were obtained from wells containing DMSO treated cells and the medium only, respectively. 

 

■ RESULTS 

Identification of 4 as an irreversible BCL6 inhibitor 

Through a high-throughput screening of approximately 130,000 compounds, using 

an enzyme-linked immunosorbent assay that monitored the interaction between the BCL6 

protein and its cofactor BCOR peptide, 1 was identified as a BCL6 inhibitor (Figure 2A).
37

 

Co-crystal structure analysis of 1 showed that it is associated in the BCL6 cavity (Figure 2B). 

As shown in Figure 2B, Cys53 is located near the binding site of 1. This Cys53 motivated us 

Page 15 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16 

 

to design and synthesize 2–4, which introduces a chloroacetamide moiety as an irreversible 

warhead for 1 (Figure 2A). The BCL6 BTB domain (Ala5–Glu129) contains five cysteine 

residues (Figure S1). Three of the protein residues were substituted with other amino acids 

(C8Q, C67R, C84N) for higher protein expression and solubility.
9, 19, 34

 We analyzed the 

covalent modification of BCL6-BTB (C53/C121) with 2–4 after a 3-h incubation using 

protein mass spectrometry (protein-MS) analysis (Figure 2C). The results indicated 1:1 

stoichiometric covalent modification for 3 (C3–linker) and 4 (C4–linker), and no 

modification for 2 (C2–linker). Judging from the peak height, the labeling efficiency of 4 was 

higher than that of 3 (Figure 2C). The difference in the covalent-modification efficiency can 

be derived from the distance between Cys53 and the chloroacetamide group. It should be 

noted that the MS peak height may be affected by other factors, such as ionization efficiency 

of the respective protein. To further support this result, we evaluated the inhibitory activity of 

these compounds on interactions between the BCL6 protein and its partner peptide. As a 

reversible fluorescent peptide, a tetramethylrhodamin (TAMRA)-conjugated BCL6 binding 

peptide (TAMRA-peptide) was prepared, in reference to a previous report,
34

 and the 

interaction was measured using TR-FRET. After 4 h of incubation, the inhibitory activity of 4 

was more potent than that of 3 (Figure S2); and 2 did not show inhibitory activity at the 

concentration of 6.3 µM. The TR-FRET assay result reflected the labeling efficiency 

observed using protein-MS. According to these results, 4 was selected as the lead compound 
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for further evaluation.  

To investigate the specific covalent modification of Cys53 in BCL6 using 4, 

protein-MS analysis was performed in the presence of F1324, a potent BCL6 binding peptide 

that covers the Cys53-containing cavity in the BCL6-BTB protein.
34

 Modification of 

BCL6-BTB (C53/C121) by 4 was not identified in the presence of F1324, indicating that 

access to the cavity was blocked by the peptide F1324 (Figure S3). This result suggests that 4 

specifically modifies the Cys53 of BCL6. 

Next, the irreversibility of 4 to BCL6 was confirmed by a jump dilution assay. 

Compound 2 (100 µM, 81% inhibition, Figure S4A) and 4 (6.3 µM, 67% inhibition, Figure 

S4B) were incubated for 10 h with BCL6-BTB (C53/C121), followed by a 100-fold dilution 

to the buffer containing 20-fold Kd of TAMRA-peptide. After dilution, covalent inhibition by 

4 did not change for 24 h (Figure S4C, red), whereas non covalent inhibition by 2 rapidly 

disappeared (Figure S4C, black), suggesting irreversible binding of 4 to BCL6-BTB 

(C53/C121). Conversely, 10–12, which contain acrylamide as the warhead, did not show any 

BCL6 modification (Figure S5). This result indicated that an appropriate warhead needs to be 

selected to achieve irreversible covalent modification of the targeted cysteine. 
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Figure 2. (A) Chemical structures of 1–4. (B) Co-crystal structure of BCL6-BTB (C53/C121) with 1 (PDB code 

5X9O).37 (C) protein-MS analysis of covalent modification of BCL6-BTB (C53/C121) with or without 2–4. 

 

Development of an IPC assay based on TR-FRET 

As a metric of potency for reversible inhibitors, the PPI’s half-maximum inhibitory 

concentration (IC50) is utilized as a metric of potency for reversible inhibitors; however, for 

irreversible inhibitors, the IC50 values are not an appropriate metric because they decrease in 

a time-dependent manner. Therefore, the second-order rate constant of target inactivation, 

kinact/KI (M
−1

s
−1

) should be utilized as an evaluation metric for irreversible inhibitors.
20, 21, 38

 

Previously, we developed an IPC assay based on endpoint analysis to evaluate the kinact/KI 

values in a high-throughput manner using a target-specific irreversible probe.
35

 To apply an 

IPC assay to BCL6, we designed and synthesized a covalent fluorescent probe, BCL6-FP (5, 

Figure 3A), which introduced a TAMRA fluorophore to solvent-exposed region of 4 (Figure 
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2B). The interaction between BCL6-FP and Avi-tagged BCL6-BTB (C53/C121) complexed 

with terbium (Tb) conjugated streptavidin (Tb-SA) was measured using TR-FRET. To 

investigate the irreversible binding of BCL6-FP to BCL6-BTB (C53/C121), we confirmed 

displacement of BCL6-FP from the BCL6 protein by its competitor 27 (Figure S6A), a 

covalent, but non fluorescent, derivative of BCL6-FP. Preformed BCL6-FP and BCL6 

protein complex were not disrupted by the addition of an 800-fold amount of 27, which 

indicated irreversible binding of BCL6-FP to BCL6-BTB (C53/C121) (Figure S6B). This 

shows that BCL6-FP is a suitable competition probe for the IPC assay. To determine the 

(kinact/KI)probe value of BCL6-FP, the time-course change in the TR-FRET signal (Figure 3B) 

was measured. From the replot analysis, (kinact/KI)probe was calculated to be (1.3 ± 0.03) × 10
3
 

M
−1

s
−1

 (Figure 3C, error represents SEM of the curve fitting). The half-time of the reaction 

was 34 min in the presence of 250 nM BCL6-FP (Figure 3B). Since a period longer than five 

times the half-time incubation period is required to occupy more than 97% of the receptor,
35

 

we selected 4 h as an incubation time for the IPC assay. 
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Figure 3. TR-FRET assay development for irreversible BCL6 inhibitors. (A) The chemical structure of 

BCL6-FP (5). (B) Corrected TR-FRET time course at varied concentrations of BCL6-FP. The target-specific 

binding TR-FRET signal was obtained by subtracting the signal of the sample without BCL6-BTB (C53/C121) 

from the signal containing 0.25 nM BCL6. The data are given as the mean ± SEM (n = 4). The solid line is the 

single exponential curve, (Y∞-Y0)[1-exp(-kobs)t]+Y0, fit to the data by least-squares fitting. (C) Replot of the kobs 

values versus probe concentration. Data are presented with the SEM from curve fitting. The replot data was 

fitted with the following equation, kobs = (kinact/KI)probe[BCL6-FP]. 

 

Irreversible BCL6 inhibitor’s chemical optimization based on the kinact/KI value 

Irreversible lead compound 4 was optimized using an IPC assay using the kinact/KI 

value as a potency metric. The chemical structures and potencies of the synthesized 

compounds (4 and 6–8) are summarized in Figure 4 and Table 1. The kinact/KI value of 4 was 

3.0 × 10
1
 M

−1
s

−1
. Initially, a 4-tetrahydropyranyloxy moiety (6) was introduced to 4 based on 

our reported structure–activity relationship (SAR) of reversible 1.
37

 As expected, the kinact/KI 

Page 20 of 39

ACS Paragon Plus Environment

Biochemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21 

 

of 6 increased 18-fold compared to that of 4. We previously found that the benzimidazolone 

ring could be replaced with the tetrahydroquinolinone ring. Herein, a benzoxazine ring (7) 

was designed based on the direction toward the Cys residue and the synthetic feasibility for a 

chloroacetamide warhead introduction. This modification led to an additional 7.4-fold 

increase in potency. Finally, a 2-propanoylaminoethyl moiety (8) was introduced to increase 

the activity. Consequently, BCL6-i (8) showed 1.9 × 10
4
 M

−1
s

−1
 in kinact/KI, corresponding to 

a 670-fold improvement compared to 4. Protein-MS analysis showed the covalent binding of 

BCL6-i to BCL6-BTB (C53/C121) with 1:1 stoichiometry (Figure S7). The irreversibility of 

the interaction between BCL6-i and the BCL6 protein was confirmed by a time-dependent 

IC50 change in the IPC assay. As stated in the previous report,
35

 irreversibility of the 

interaction can be investigated by comparison of two IC50 values at different time points in 

the IPC assay. Briefly, irreversible inhibitors produce IC50 values that are independent of 

reaction time, while reversible inhibitors will produce IC50 values that weaken with 

increasing assay time. Comparing IC50 values after 4 h and 12 h incubation in an IPC assay, 

BCL6-i showed an identical IC50 value (Figure S8A), which indicated irreversible binding of 

BCL6-i with the BCL6-BTB (C53/C121) protein. To confirm a Cys53 specific modification 

of BCL6-i, we examined the time-dependent inhibition of the reversible interaction between 

BCL6 mutants and the TAMRA-peptide. In the reversible peptide competition assay, BCL6-i 

inhibited BCL6 mutants containing Cys53 (Figure S9A, C, E) in a time-dependent manner. 
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Conversely, the difference between the IC50 values of BCL6-i after 10 and 60 min was within 

2-fold. (Figure S9B, D, E). This result suggests Cys53 in BCL6-BTB was specifically 

modified by the optimized BCL6-i.  

 Improvement in the kinact/KI via increasing the intrinsic chemical reactivity (kchem) of 

compounds is not desirable because a large kchem correlates with covalent off-target 

modification, leading to toxicity and adverse side-effects.
27–29

 To investigate the cause of 

kinact/KI improvement for this inhibitor series, the kchem of the irreversible BCL6 inhibitors 4 

and 6–8 were measured, and the results are summarized in Table 1. Since all of the 

compounds possess the same warhead, all irreversible BCL6 inhibitors showed comparable 

kchem values. In our experimental conditions, these kchem values were smaller than that 

reported for irreversible kinase inhibitors. Among them, CI-1033 proceeded to clinical 

trials,
30, 31

 which indicated an acceptable intrinsic chemical reactivity of BCL6-i for cellular 

or in vivo evaluation.  

 To evaluate if another chemical warhead can also covalently modify the BCL6 

protein, we synthesized BCL6-NC (9), an acrylamide derivative of BCL6-i. Even after 

overnight incubation, BCL6-NC did not show covalent bond formation with BCL6-BTB 

(C53/C121) (Figure S10A). Additionally, time-dependent inhibition of the reversible 

interaction between BCL6-BTB (C53/C121) and the TAMRA-peptide was not observed 

(Figure S10B), which suggested that BCL6-NC does not irreversibly inhibit BCL6-BTB 
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(C53/C121). We further investigated the reversibility of the interaction between BCL6-NC 

and BCL6-BTB (C53/C121) protein using an IPC assay. Unlike BCL6-i (Figure S8A), 

BCL6-NC produced IC50 values that weakened with increasing assay time (Figure S8B), 

which indicated reversible binding of BCL6-NC to BCL6-BTB (C53/C121).  

 

 

Figure 4. Chemical structure of 6–9. 

 

Table 1. Irreversible inhibitory activity (kinact/KI) and intrinsic chemical reactivity (kchem) of 

the BCL6 inhibitors 

Compound kinact/KI
a
 (M

−1
s

−1
) kchem

b
 (M

−1
s

−1
) 

4 (3.0 ± 0.2)×10
1
 (8.6 ± 1.1)×10

−4
 

6 (5.4 ± 1.9)×10
2
 (9.6 ±1.1)×10

−4
 

7 (4.0 ± 1.2)×10
3
 (2.0 ± 0.09)×10

−3
 

BCL6-i (8) (1.9 ± 0.6)×10
4
 (1.6 ± 0.02)×10

−3
 

CI-1033  (3.7 ± 0.05)×10
−2

 

WZ-8040  (7.7 ± 0.2)×10
−3

 

a
 Data represents mean ± SEM of three independent experiments. 

b
 Error represents the SEM of curve fitting. 

 

Confirmation of BCL6-NC as a negative control for BCL6-i 

Since BCL6-NC has a similar physicochemical property (molecular weight, 
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lipophilicity, and membrane permeability) to BCL6-i (Table S1), BCL6-NC can be utilized 

as a negative control for BCL6-i. To investigate whether BCL6-NC can be an appropriate 

negative control for further experiments, we first confirmed the kchem of BCL6-NC because 

high chemical reactivity leads to promiscuous intracellular protein inhibition.
39, 40

 As shown 

in Figure S11, we could hardly detect the reactivity of BCL6-NC in the time period tested, 

verifying that the kchem of BCL6-NC is lower than that of BCL6-i. This result indicated that 

the potential for promiscuous covalent inhibition by BCL6-NC is extremely low. To our 

surprise, compared to the irreversible kinase inhibitors with acrylamide evaluated in this 

study (Table 1), BCL6-NC showed lower thiol reactivity in spite of the presence of the same 

acrylamide warhead (Figure S11). According to a previous report,
39

 kchem of aryl acrylamide 

is higher than that of alkyl acrylamide, when compared under the same chemical scaffolds. 

Therefore, the lower reactivity of BCL6-NC may derive from the difference of functional 

groups adjacent to the chemical warhead. To explicit the cause of the kchem difference, 

however, we may require SAR study for the thiol reactivity of acrylamide warhead by 

synthesis of analogue compounds of BCL6-i, such as phenyl acrylamide. 

Since the warhead size of BCL6-NC is not equivalent to that of BCL6-i, reversible 

affinity (Ki) of BCL6-NC may be considerably different from that of BCL6-i. To rule out 

this possibility, we compared the Ki of these compounds to the BCL6 protein. Since direct 

measurement of the Ki for BCL6-i to BCL6-BTB (C53/C121) was difficult due to its 
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covalent modification, we utilized a cysteine-free BCL6-BTB mutant (C53S/C121S) as a 

surrogate protein to measure the affinity of BCL6-i and BCL6-NC. As shown in Table S2, 

the Ki of BCL6-i and BCL6-NC to BCL6-BTB (C53S/C121S) was almost equivalent. The Ki 

value of BCL6-NC for BCL6-BTB (C53S/C121S) was similar to that for BCL6-BTB 

(C53/C121), which suggested the affinity of these compounds can be appropriately evaluated 

using the cysteine-free mutant. Taken together, BCL6-NC possesses the similar binding 

affinity to BCL6-i but does not covalently bind to BCL6-BTB (C53/C121), suggesting that 

BCL6-NC can be used as a negative control for BCL6-i. 

 

Confirmation of intracellular target engagement of irreversible BCL6-i by 

fluorescence imaging 

To assess the irreversible binding of BCL6-i to the intracellular BCL6 protein, we 

analyzed co-localization of BCL6-FP with the BCL6 protein using fluorescence imaging. 

BCL6-FP was added to U2OS cells expressing FLAG-BCL6 (wild type, full length), and the 

cells were fixed for immunostaining using an Alexa488-conjugated anti-FLAG antibody. 

Even after fixation and washing, the co-localization of BCL6-FP with the BCL6 protein was 

observed (Figure 5, top), which suggested BCL6-FP irreversibly interacts with the 

intracellular BCL6 protein. 

Next, we examined if BCL6-i interacts with intracellular BCL6 by monitoring the 
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displacement of BCL6-FP. BCL6-i decreased the fluorescence signal of BCL6-FP to the 

base levels (Figure 5, middle), whereas BCL6-NC did not (Figure 5, bottom). These results 

suggested that BCL6-i was irreversibly bound to intracellular BCL6 in a physiological 

environment. 

 
Figure 5. Target engagement of the BCL6 inhibitor using fluorescence imaging. U2OS cells expressing 

FLAG-BCL6 (wild type, full length) were treated with DMSO (top), 1 µM BCL6-i (middle), and 1 µM 

BCL6-NC (bottom) for 1 h, followed by reaction with 1 µM BCL6-FP for 1 h. Co-localization of BCL6 (green) 

and BCL6-FP (magenta) was visualized using an INCell Analyzer 6000. The scale bar represents 50 µm. 

 

Confirmation of intracellular BCL6/BCOR interaction inhibition by BCL6-i using 

a M2H assay 
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To confirm if irreversible binding of BCL6-i to BCL6 lead to inhibition of the PPI 

between intracellular BCL6 and its corepressors, we performed an M2H assay. GAL4-BCL6 

(Ala5–Glu129) and VP16-BCOR (Leu112–Ala753) were co-expressed in HEK293T cells 

and the M2H signal was observed after a 24 h inhibitor treatment. BCL6-i significantly 

inhibited the M2H signal derived from the BCL6/BCOR interaction, whereas the negative 

control compound BCL6-NC did not (Figure 6). This suggested that BCL6-i inhibited the 

intracellular BCL6/BCOR interaction. 

B
C
L6-

i 

B
C
L6-

N
C
 

 

Figure 6. M2H analysis of BCL6/BCOR inhibition using 1 µM BCL6-i and 1 µM BCL6-NC. Error bar 

represents SEM (n = 4). 

 

Confirmation of BCL6-dependent cell-line growth inhibition by BCL6-i 

Finally, we investigated cell-growth suppression via inhibition by BCL6-i. 

BCL6-dependent DLBCL cell lines (SUDHL4 and OCI-LY3)
18

 were treated with BCL6-i or 

BCL6-NC for 3 days; thereafter, the viability was measured. BCL6-i significantly 
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suppressed the DLBCL cell-line growth compared to BCL6-NC (Figure 7). The reason for 

growth inhibition of these cell lines by BCL6-i is inhibition of the intracellular PPI between 

BCL6 and its corepressors (Figure 5 and 6). 

 

Figure 7. GCB-DLBCL cell-growth inhibition by BCL6-i and BCL6-NC. GCB-DLBCL cells ((A) SUDHL4 

and (B) OCI-LY3) were treated with 3 µM of the test compounds and the viability was measured after a 3-day 

incubation. Data represents mean ± SD (n = 4). (*p < 0.001, Student's t-test) 

 

DISCUSSIONS 

In this study, we successfully developed a potent, cell-active, BCL6 inhibitor: 

BCL6-i. The optimization process for the irreversible inhibitor presented herein can be 

regarded as a widely applicable approach for drug discovery. Once an irreversible lead 

inhibitor is identified, an irreversible fluorescent probe can be prepared based on the lead 

compound. Through the use of an irreversible fluorescent probe, chemical optimization can 

be performed by SAR studies based on kinact/KI values using an IPC assay. After chemical 
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optimization, the intracellular target engagement of the test compound can be confirmed 

using the irreversible fluorescent probe. Target-engagement evaluation using this approach 

will contribute to the understanding of the physiological phenomena induced by the 

compound. 

Herein, we designed an irreversible BCL6 inhibitor, BCL6-i, targeting Cys53 

located at the protein–protein interaction interface. We confirmed the covalent binding of 

BCL6-i using MS analysis with 1:1 binding stoichiometry (Figure S7), indicating that 

BCL6-i covalently binds to either Cys53 or Cys121 of BCL6-BTB protein. To clarify the 

covalent binding to Cys53, time-dependent binding of BCL6-i to BCL6-BTB mutants was 

evaluated in protein-peptide interaction (PPI) assay using reversible fluorescence peptide 

(Figure S9). BCL6-i exhibited time-dependent inhibition only to mutants containing Cys53 

of BCL6-BTB, suggesting the covalent binding to Cys53, not to Cys121. Although these 

results strongly indicates specific covalent modification of Cys53, the possibility that BCL6-i 

also covalently modifies Cys121 is still remaining since we have not directly confirmed 

covalent bond formation between BCL6-i and Cys53 of BCL6. To obtain more direct 

evidence of specific covalent modification of Cys53 by BCL6-i, we have tried X-ray crystal 

structural analysis of BCL6 protein and BCL6-i (and their analogues) complex. Although 

extra electron density around Cys53 has been obtained in low resolution, the data still need to 

be refined (data not shown). To definitively demonstrate the Cys53 specific modification, 
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additional experiment is required, such as MS analysis of BCL6-i adduct to BCL6 mutants 

(C53/C53S and C53S/C121) or identification of modification site using protease digestion 

followed by MS/MS analysis. 

 We demonstrated that the kinact/KI value for irreversible inhibitors can be optimized 

without increasing the intrinsic chemical reactivity. Considering the definition of kinact/KI (KI 

= (koff + kinact)/kon), the reason for the increase in irreversible BCL6 inhibitor potency is 

assumed to originate from two factors: The first factor is improvement of the reversible 

interaction (Ki = koff/kon) between BCL6 and the compounds; Ki might increase by structural 

optimization of the linker and the warhead (alkyl chloroacetamide moiety).
37

 The second 

factor is an increase in the kinact value. Improvement of kinact is considered to be caused by the 

following two reasons: First, an increase in the intrinsic chemical reactivity (kchem). Although 

the kinact improvement is easily achieved by kchem enhancement,
25

 compounds with a high 

kchem are not suitable for chemical probes and therapeutic drugs because of potential 

promiscuous protein modification, which leads to off-target inhibition and adverse 

side-effects.
27–29

 Second, for kinact improvement, optimization of the distance between the 

covalent warhead and the target residue can be performed. We confirmed that the kchem value 

did not change in the chemical optimization process (Table 1). Since the kchem of BCL6-i was 

smaller than that of CI-1033, an irreversible inhibitor currently under clinical trial tests (Table 

1),
30, 31

 the intrinsic chemical reactivity of BCL6-i is expected to be acceptable for cellular or 
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in vivo testing. To optimize selective irreversible inhibitors, the kinact/KI should be improved 

without a kchem increase. For this reason, simultaneous evaluation of kinact/KI and kchem (a two 

dimensional SAR study) is widely recommended for designing target-specific irreversible 

inhibitors. 

Herein, we showed the advantage of using irreversible inhibition for identification of 

PPI inhibitors. PPI is considered a challenging drug target class for small-molecule 

potent-inhibitor identification because of the lack of deep cavities on the interaction 

surface.
14–17

 Theoretically, irreversible inhibitors can occupy all target-protein molecules 

after a sufficient incubation time, and are expected to exert potent pharmacological efficacy 

until the next turnover of the protein.
35

 Despite the desirable features, irreversible inhibitors 

have been avoided in drug-discovery programs for several decades due to their potential for 

promiscuous target inhibition.
27–29

 As shown herein, two dimensional SAR studies of kinact/KI 

and kchem will contribute to the discovery of potent irreversible inhibitors with low intrinsic 

chemical reactivity. As long as a targetable cysteine residue is present in the interface of a 

PPI, irreversible inhibition should be considered for identifying potent inhibitors and 

chemical probes. 

In this study, the irreversible fluorescence probe BCL6-FP was utilized for kinact/KI 

evaluation using an IPC assay and the confirmation of intracellular target engagement of the 

compounds. Confirmation of intracellular target engagement is extremely important for 
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determining if the efficacy in cellular assays is derived from the intended target.
41, 42

 

Additionally, confirmation of target occupancy is necessary for extrapolation of in vitro assay 

results to in vivo efficacy.
43

 Unlike reversible inhibitors, irreversible inhibitors maintain 

target-protein occupation after lowering the pharmacological concentrations of the drug in 

systemic circulation, thus leading to a prolonged pharmacological effect in vivo.
20, 22, 43

 To 

predict or interpret in vivo pharmacodynamics marker changes from irreversible inhibitors, 

pharmacokinetic analysis alone is not sufficient and a time-course measurement of target 

occupancy should be performed after drug administration. The advantage of an irreversible 

covalent probe is that it allows easy intracellular target-engagement confirmation because the 

probe still binds to the protein via a covalent bond even under harsh conditions, such as 

protein denaturation and cell lysis. Due to the assay convenience, we easily confirmed 

intracellular target engagement by measuring co-localization of BCL6 and BCL6-FP using 

fluorescence imaging. Theoretically, BCL6-FP can be applied to evaluate target occupancy 

analysis in vivo.
44–46

 Since a high dose administration of irreversible inhibitors might cause 

off-target modification, it is important to determine the minimum required dosage to occupy 

the target and exert drug efficacy. Therefore, target occupancy analysis in vivo should be 

considered for determining the regimen of irreversible inhibitors for in vivo testing. 

In conclusion, we discovered a cell-active, potent, irreversible BCL6 inhibitor, 

BCL6-i, with an acceptable intrinsic chemical reactivity through the use of an IPC assay. 
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BCL6-i can be used as a chemical tool to investigate the function of the BCL6 protein and 

can be further optimized for in vivo effective BCL6 inhibitors aimed at novel therapeutic 

agents for B-cell lymphomas. 
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